Neuropathy target esterase (NTE) is a neuronal membrane protein originally identified for its property to be modified by organophosphates (OPs), which in humans cause neuropathy characterized by axonal degeneration. Drosophila mutants for the homolog gene of NTE, swisscheese (sws), indicated a possible involvement of sws in the regulation of axon-glial cell interaction during glial wrapping. However, the role of NTE͞sws in mammalian brain pathophysiology remains unknown. To investigate NTE function in vivo, we used the cre͞loxP site-specific recombination strategy to generate mice with a specific deletion of NTE in neuronal tissues. Here we show that loss of NTE leads to prominent neuronal pathology in the hippocampus and thalamus and also defects in the cerebellum. Absence of NTE resulted in disruption of the endoplasmic reticulum, vacuolation of nerve cell bodies, and abnormal reticular aggregates. Thus, these results identify a physiological role for NTE in the nervous system and indicate that a loss-of-function mechanism may contribute to neurodegenerative diseases characterized by vacuolation and neuronal loss.
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cre͞lox P ͉ vacuolation ͉ thalamus ͉ hippocampus ͉ Purkinje cells N europathy target esterase (NTE) is a 150-kDa transmembrane protein that is highly conserved among species including insects, nematodes, yeast, and bacteria (1) . Mutations in the Drosophila homolog, swisscheese (sws), produced glial-axonal hyperwrapping, degeneration, and a shortened life span (2) . Both neurons and glia underwent cell death, accompanied by extensive vacuolation in the nervous system of Drosophila sws mutants. The NTE protein represents the mammalian homolog of the Drosophila swisscheese gene (3) . The swisscheese and NTE proteins share a number of motifs including several hydrophobic transmembrane sequences, a serine esterase domain, and a sequence similar to the regulatory subunit of protein kinase A. A variety of pharmacological experiments have established the involvement of NTE in organophosphate (OP)-induced delayed neuropathy in humans and in animal models (3, 4) , presumably through inactivation of the serine esterase activity. The protein NTE was initially identified as a target of OPs, found in pesticides and chemical warfare agents that cause peripheral neuropathy in humans (5, 6) . OP-induced neuropathy has been implicated in Gulf War disease and other toxic neuropathies. However, the physiological functions of NTE, as well as the downstream events of NTE-induced neuropathy after OP exposure, remain unknown.
We therefore sought to examine the physiological role of NTE in the central nervous system. Knockout of the NTE gene is embryonic lethal in mice at an early embryonic age (4, 19) , thereby precluding the study of the role of NTE in the adult brain. We therefore constructed a conditional mutant NTE strain and deleted NTE specifically in neuronal tissues. We show here that neuron-specific deletion of NTE causes vacuolation of neuronal bodies and dendrites. The NTE protein was found to associate with the endoplasmic reticulum (ER) of hippocampal neurons. Interestingly, vacuolar pathology in the hippocampus and thalamus of NTE-depleted mice was closely associated with ER breakdown. Taken together, our results demonstrate that inhibition of NTE function leads to disruption of the ER and vacuolar pathology in the nervous system.
Methods
Generation of NTE Conditional Mice. Genomic NTE DNA was cloned from a SVJ129 mouse genomic phage library by using human NTE mRNA sequence AJ004832 as a probe. The targeting construct introduced a loxP site in the intron preceding exon 6 and a floxed neomycin resistance cassette in the 5Ј untranslated region. The neomycin cassette was removed subsequently from targeted ES cell clones by transient expression of Cre, yielding the final floxed locus. Three separate ES clones (BB10, CF4, and GG8) were injected into blastocysts and implanted into pseudopregnant mothers to generate chimeras. NTE f lox/ϩ mice were generated from all three clones and were crossed to Nes-cre mice. Nes-cre:NTE littermate control mice. A PCR assay was used to genotype tail DNA by using NTE sense 5Ј-GCTTAAGGGCAC-CTGCCAGC-3Ј and NTE antisense primer 5Ј-GGTCTTGTA-GCCTGCAGTCC-3Ј that amplify a 346-bp fragment in WT animals and an additional 110 bp for the loxP site in conditionally targeted animals. Nes-cre mice were genotyped by using a sense 5Ј-GCGGTCTGGCAGTAAAAACTATC-3Ј and an antisense primer that amplify 100 bp of the cre gene.
Immunoblot. Brains from NTE f l/f l and Nes-cre:NTE f l/f l mice were homogenized in lysis buffer, and equal amounts of protein were loaded on a 4-16% gradient SDS͞PAGE gel and transferred to poly(vinylidene difluoride) (PVDF) membranes (Millipore, Bedford, MA). Primary antibodies used were rabbit polyclonal antibody generated against amino acids 798-1231 of NTE (R979, 1͞1,000), mouse anti-GM130 (1͞250, Transduction Laboratories, Lexington, KY), rabbit anti-ribophorin (from Gert Kreibich, 1͞1,000). Secondary antibodies include anti-rabbit horseradish peroxidase (HRP) (Cell Signaling, Beverly, MA, 1͞10,000), protein-A-HRP (Zymed, South San Francisco, CA, 1͞7,500), and anti-mouse-HRP (Sigma, 1͞10,000). Control membranes were stripped and reprobed with an antibody against GAPDH (Novus, Littleton, CO, 1͞2,000) or ␤-actin (Sigma, 1͞5,000). Detection of HRP used chemiluminescence (Amersham UK).
total phenyl valerate-hydrolyzing activity. AChE activity is expressed as a percentage of WT brain activity.
Immunohistochemistry. Silver staining and immunohistochemical staining was performed on cryostat sections (7) . Primary antibodies were goat anti-human calbindin (1:4,000; Sigma); antihuman mitogen-activated protein (MAP)-2 (1:400; Chemicon, Temecula, CA). Nissl staining using Texas red fluorescent Nissl (Molecular Probes,) was performed according to instructions. For immunocytochemistry, primary hippocampal neurons were fixed in a 1:1 solution of ethanol͞methanol followed by acetone permeabilization at 4°C. Rabbit anti-NTE (R979), mouse anticalnexin (Chemicon), anti-rabbit-Cy3, and anti-mouse-FITC (The Jackson Laboratories) were used at 1:200. Confocal images (Bio-Rad) were analyzed with IMAGE J software.
EM Analysis. Mice were anesthetized with pentobarbital and fixed by transcardiac perfusion with 3% glutaraldehyde͞2% formaldehyde in cacodylate buffer (pH 7.3). Brain and spinal cord were dissected and 1-to 2-mm-thick coronal or sagital slices were rinsed, postfixed in 2% osmium tetroxide͞ferricyanide in cacodylate buffer, dehydrated through methanol and propylene oxide, and embedded in Araldite. Sections (1 m) were stained with toluidine blue and further sections (0.1 m) were stained with potassium permanganate and uranyl acetate and examined in a Phillips EM300 microscope.
Cell Culture and Subcellular Fractionation. Hippocampal neurons were obtained from E18 rats as described (8) . Primary neurons (DIV 11) were homogenized and subjected to Optiprep gradient centrifugation (8) . Membrane fractions were collected and analyzed by immunoblotting. Brain DNA was cleaved with SpeI and hybridized with a 32 P-labeled 5Ј external probe. (C) NTE is missing from the brains of Nes-cre:NTE fl/fl mice. Immunoblot analysis using an antibody against NTE from brain extracts of the cerebrum (Cr) and cerebellum (Cb) from WT, NTE fl/fl , and Nes-cre:NTE fl/fl mice. Heart (H) and cerebrum (Cr) were used as negative (Ϫ) and positive (ϩ) controls, respectively. Immunoblot using an antibody against GAPDH was used to ensure equal loading between samples. (D) Nes-cre:NTE fl/fl mice (1.26 Ϯ 0.72%, n ϭ 5) had Ϸ90% less NTE activity in the brain (P Ͻ 0.01), when compared to WT mice (11.41 Ϯ 2.47%, n ϭ 5). NTE fl/fl mice (10.75 Ϯ 3.06%, n ϭ 5) showed no difference when compared to WT control mice. (E) No statistically significant differences were observed for AChE activity. (F) Weight curve of Nes-cre:NTE fl/fl mice (n ϭ 16), NTE fl/fl (n ϭ 14) and NTE ϩ/ϩ (n ϭ 9) littermate controls. There is no difference between NTE fl/fl and NTE ϩ/ϩ mice, whereas Nes-cre:NTE fl/fl weighed less after 5 weeks of age (P Ͻ 0.0001).
Rotarod Behavior Test. The rotarod assay was performed on a TSE RotaRod apparatus purchased from TSE Technical and Scientific Equipment GmbH. The rod was turning at a speed constant of 20 revolutions per min. Rotarod assays were conducted for five consecutive days with a 300-s maximal time limit. Means were collected for at least three trials per day. Statistical calculations were made by using Student's t test.
Results
Brain-Specific Inactivation of the NTE Gene. NTE is an integral membrane protein, expressed predominantly by neurons in the brain starting at early embryonic development (9, 10) . Because inactivation of the mouse NTE gene is lethal at an early embryonic age (ref. 4 and J.X., unpublished data), we constructed a conditional mutant NTE strain (NTE f l/f l ; Fig. 1 A and  B) . To inactivate the NTE gene in the adult brain, we bred the NTE f l/f l strain with Nestin-cre (Nes-cre) mice, which express cre recombinase after E11 in the central and peripheral nervous system (11) (Fig. 1B) . Nes-cre:NTE f l/f l mice are born in normal ratios, showing that deletion of NTE after E11 is compatible with embryonic CNS development.
Western blot analysis using a rabbit polyclonal antibody against NTE showed that NTE was not detected in the brain of Nes-cre:NTE f l/f l mice (Fig. 1C) . Examination of NTE esterase activity in brain homogenates of Nes-cre:NTE f l/f l mice indicated that the Nes-cre transgene abolished 90% of NTE activity (Fig.  1D ). An AChE assay performed as a control did not show a significant reduction between Nes-cre:NTE f l/f l and WT mice (Fig. 1E) . Phenotypic abnormalities of Nes-cre:NTE f l/f l mice include abnormal flexion reflex by 4 weeks of age and reduced weight gain (Fig. 1F ) when compared to NTE f l/f l controls.
Hippocampal and Thalamic Vacuolation. At 2 weeks of age, the brain structure of Nes-cre:NTE f l/f l mice appeared normal, without any pathological signs. At six weeks of age, the conditional NTE mice developed prominent hippocampal pathology. Silver staining of Nes-cre:NTE f l/f l mice revealed extensive vacuolation in CA1, CA2, and CA3 regions, as well as the polymorphic area of the dentate gyrus ( Fig. 2A) , when compared to NTE f l/f l littermate (Fig. 2B) . High-magnification images of the hippocampus of the Nes-cre:NTE f l/f l mice revealed specific vacuolation at the neuropil (Fig. 2C ) when compared to NTE f l/f l littermate controls (Fig. 2D) . The morphology of the cell body layer was unaffected. No evidence of apoptosis was observed by terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling (TUNEL) or assay of activated caspases (data not shown).
To further characterize vacuolation in the neuropil, electron microscopic (EM) analysis was carried out. Large vacuoles and abnormal membranous folds within dendritic processes of the hippocampal neurons were observed (Fig. 2E) . In contrast, the neuropil of the NTE f l/f l mice displayed normal dendritic morphology (Fig. 2F) . Prominent vacuolation was also observed in thalamic neurons beginning at six weeks of age (Fig. 3H) . Silver staining at 3 months of age showed extensive loss of large thalamic neurons in the Nes-cre:NTE f l/f l mice (Fig. 3A) , when compared to littermate NTE f l/f l controls (Fig. 3C) . Confocal microscopy revealed vacuolation and a dramatic redistribution of rough ER (Fig. 3 B and E-G) , as assayed by fluorescent Nissl staining in neurons of Nes-cre:NTE f l/f l mice, when compared to NTE f l/f l controls (Fig. 3D) .
ER Localization. What is the cellular basis for these observations? Previous experiments in monkey kidney COS7 cells demonstrated that GFP-tagged NTE colocalized with calnexin, an ER marker (11) . However, the subcellular localization of NTE in neurons is unknown. To determine the subcellular localization of NTE in neurons, we established primary cultures of hippocampal neurons and performed subcellular fractionation. When we used ribophorin as a specific ER marker and GM130 as a specific Golgi marker, we observed that NTE was present at the ribophorin-positive fractions (Fig. 3H) . In addition, double immunofluorescence for the ER marker calnexin (Fig. 3I) and NTE ( Fig. 3J ) in hippocampal neurons showed colocalization of NTE with calnexin (Fig. 3K) . Overall, these results demonstrate that NTE is associated with the ER of hippocampal neurons.
To determine the functional consequence of the loss of NTE function from the neuronal ER, we carried out further EM analysis. At 4 months, hippocampal neurons from Nescre:NTE f l/f l mice contained well preserved nuclei, but the cytoplasm displayed focal swelling and clear areas between the nucleus and plasma membrane (Fig. 4A) . No signs of inflammation or abnormal extracellular matrix deposition were observed. In these clear regions, normal organelles were replaced by extensive smooth, folded membranes (Fig. 4A) . By comparison, a homogenous distribution of cytoplasm and ER was observed in neurons from NTE f l/f l mice (Figs. 4B, 2E, and 3D) . Vacuolated areas in cell bodies and dendrites showed flattened and sharply angulated membranes (Fig. 4 C and D) . In addition, abnormal aggregates form within neuronal processes (Fig. 4E) . These aggregates displayed branching networks of 25-to 30-nm tubules within dendrites (Fig. 4 F and G) . In addition to reticular aggregates, we observed stacks of membranes and bilayers within dendrites (Fig. 4H) . Analysis of the myelin structure of the hippocampus at the light microscope level did not reveal any gross myelin abnormalities (data not shown). EM analysis at the alveus revealed normal myelin surrounding axons (Fig. 4I ), but in some cases, the axoplasm was displaced by large vacuoles (Fig.  4I, arrows) . Interestingly, no apoptotic or inflammatory cells were observed around the damaged cells in the Nes-cre:NTE f l/f l mice. The nuclei of affected neurons did not display any evidence of shrinkage or features indicative of apoptosis.
Loss of Purkinje Cells and Behavioral Deficits.
These results indicate that deletion of NTE in neuronal cells caused dramatic alterations of the ER, along with abnormal reticular aggregates and vacuolation. NTE expression in the brain is not localized to a particular brain area, but is confined to large neurons (9) with rapid protein synthesis and abundant rough ER. In addition, OP toxicity primarily affects large axons, and many sites of NTEinduced neuropathology are confined to large neurons with high metabolic activity (13) .
To test whether NTE has additional consequences in other brain regions, cerebellar Purkinje cells, a population of large neurons that displays prominent expression of NTE (4, 9), were studied. Silver staining of the cerebellum and immunostaining for calbindin, a Purkinje cell-specific marker, showed a partial loss of Purkinje cells as well as thinner Purkinje dendritic trees in the molecular layer of the Nes-cre:NTE f l/f l cerebellum (Fig. 5  B and D) . Purkinje cell loss was observed as early as 4 weeks of age. In contrast, Purkinje cells (Fig. 5 A and C) and the granule cells of the NTE f l/f l controls were morphologically normal (Fig.  5A) . Immunostaining using an antibody against the neuronal marker MAP-2 confirmed the decrease of Purkinje dendritic trees in the molecular layer of the cerebellum of Nes-cre:NTE f l/f l (Fig. 5F ), whereas NTE f l/f l appear normal (Fig. 5E) . Neurons in the molecular layer appear normal in both groups (Fig. 5 E  and F) .
These observations suggest that cerebellar functions may be compromised by the loss of NTE. To evaluate dysfunctions in the Nes-cre:NTE f l/f l mice, we tested their performance on a rotarod behavioral test. Rotarod test performed at 1 month of age revealed no difference between Nes-cre:NTE f l/f l mice and NTE f l/f l controls (Fig. 5G) . By contrast, although NTE f l/f l control mice (6 months) stay on the rotarod for 300 s after training, Nes-cre:NTE f l/f l mice remain for 142.3 Ϯ 18.2 s, showing a significant decrease in their motor ability (Fig. 5H) . Both NTE f l/f l controls and Nes-cre:NTE f l/f l mice improved during the three training sessions (Fig. 5H) . Although no ataxia or paralysis has been observed to date, these results suggest that loss of NTE in the brain can contribute to behavioral defects.
Discussion
Conditional inactivation of the mouse NTE gene resulted in elimination of NTE protein in the central nervous system. Loss of NTE function caused degeneration of large neurons accompanied by the formation of intracellular vacuoles and abnormal reticular aggregates within cell bodies. A conspicuous feature of cells lacking NTE is the swelling of the neuronal cytoplasm, disruption and loss of ER membranes, and creation of large vacuoles reminiscent of the Drosophila sws phenotype (2) .
NTE͞sws represents a transmembrane protein containing a region similar to the regulatory subunit of cAMP-binding proteins and a catalytic serine esterase that are well conserved in yeast, Caenorhabditis elegans, Drosophila, and human (1, 2). The high degree of evolutionary conservation, together with the remarkably specific and pervasive intracellular neuronal deficits caused by a loss of function, indicates that NTE͞sws is required for several fundamental biological processes. Loss of function of Drosophila sws is thought to be involved in axonal-glial cell interactions in the fly brain. Mutations in sws produce excessive wrapping of neurons by glial cells and brain vacuolation associated with glial hyperwrapping (2) . The vacuolar pathology caused by loss of NTE in mice appears to be primarily in neurons, but potential effects on glia are not excluded. It is striking that the same vacuolar defects are observed in the Drosophila sws mutants and the conditional NTE mice. This substantiates the evolutionary conservation of function for this essential gene.
Modification of NTE by OP compounds leads to neuropathy in humans (14) . Classic OP-induced delayed neuropathy has not been observed in mice (13) . NTE heterozygote mice (NTE ϩ/Ϫ ) show 40% decrease in esterase activity and do not develop neurodegeneration (4) . By contrast, Nes-cre:NTE f l/f l mice show a 90% decrease in NTE activity, which leads to neurodegeneration. Future analysis will be needed to determine the consequences of this degeneration and the behavioral patterns of the Nes-cre:NTE f l/f l mice, as well as their response to OPs.
Nes-cre:NTE f l/f l mice develop neurodegeneration characterized by accumulation of intracellular aggregates and cytoplasmic vacuolation. The biochemical basis for NTE in neurodegeneration is unknown. It has been postulated that NTE possesses phospholipase (15) and lysophospholipase activity (16) , in addition to its ability to hydrolyze carboxy ester substrates (1) . These activities suggest a role for NTE in the proper sorting of phospholipids and modification of proteins associated with membranes. Lipids within intracellular organelles are directly involved in protein sorting and membrane transport (17) . In this study, we find that a grossly abnormal breakdown of organelles occurs in the cytoplasm of Nes-cre:NTE f l/f l hippocampal neurons resulting in conspicuous vacuolation resembling spongioform encephalopathy (18) . Because NTE is closely associated with the ER and results in cellular damage when it is absent from neurons, it is plausible that abnormalities in protein folding, transport, and degradation are directly influenced by NTE perturbation. Given the broad spectrum of neurological diseases that are associated with ER dysfunction and protein aggregation, such as Alzheimer's disease and prion-induced encephalopathy, loss of function of NTE may represent a unique mechanism that contributes to neurodegenerative disease.
